Human telomeres terminate with a single-stranded 3′ G overhang, which can be recognized as a DNA damage site by replication protein A (RPA). The protection of telomeres (POT1)/POT1-interacting protein 1 (TPP1) heterodimer binds specifically to single-stranded telomeric DNA (ssTEL) and protects G overhangs against RPA binding. The G overhang spontaneously folds into various G-quadruplex (GQ) conformations. It remains unclear whether GQ formation affects the ability of POT1/TPP1 to compete against RPA to access ssTEL. Using single-molecule Förster resonance energy transfer, we showed that POT1 stably loads to a minimal DNA sequence adjacent to a folded GQ. At 150 mM K + , POT1 loading unfolds the antiparallel GQ, as the parallel conformation remains folded. POT1/TPP1 loading blocks RPA's access to both folded and unfolded telomeres by two orders of magnitude. This protection is not observed at 150 mM Na + , in which ssTEL forms only a lessstable antiparallel GQ. These results suggest that GQ formation of telomeric overhangs may contribute to suppression of DNA damage signals.
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telomere protection | DNA damage response | single molecule imaging H uman telomeres consist of 2,000-30,000 bp of doublestranded TTAGGG repeats and terminate with a 50-to 200-nt-long, single-stranded 3′ G overhang (1) . Telomeric termini need to be protected against DNA damage signals to ensure genome integrity. Replication protein A (RPA) nonspecifically binds ssDNA, is highly abundant in eukaryotes, and plays a role in DNA replication and repair (2) . RPA binding to ssDNA, including telomeric overhangs, activates the ataxia telangiectasia and Rad3-related checkpoint (2, 3) . The protection of telomeres (POT1)/telomere protection protein (TPP1) subunit of the shelterin complex contributes to telomere protection by specifically binding to the G overhang (4, 5) . RPA is 1,000-fold more abundant than POT1/TPP1 and has a similar affinity for singlestranded telomeric DNA (ssTEL) (6, 7) . Therefore, POT1/TPP1 alone may not be able to effectively compete against RPA binding (8, 9) . Efficient protection of ssTEL against RPA binding may require association of POT1/TPP1 to the rest of the shelterin complex along double-stranded telomeric tracts or other telomere-associated proteins (6, 9) .
Another potentially significant factor that could influence the competition between RPA and POT1/TPP1 is the ability of ssTEL to form G-quadruplex (GQ) structures (10, 11) . Recent studies have shown that human telomeres form GQ structures in vivo (12, 13) and in cell extracts (14) . At physiologically relevant ionic conditions (∼150 mM K + ), GQs are thermodynamically more stable than competing Watson-Crick pairing (15) . These structures were often regarded as obstacles for recruitment of telomerase (16) and translocation of the DNA replication machinery (17) , and their unfolding requires helicase activity (17) (18) (19) or ssDNA binding proteins (20, 21) . It remains unclear whether GQ formation of ssTEL plays any role in protection of telomeres.
ssTEL sequences fold into parallel, antiparallel, and hybrid GQ conformations under physiological salt and pH (22) (23) (24) (25) (26) . Because of the heterogeneity of these structures, GQ formation was either prevented or its stability was significantly reduced to obtain a homogeneous ssTEL template in previous biochemical studies (6, 9) . Understanding the molecular basis of how POT1 interacts with distinct GQ states and competes with RPA in GQ-forming conditions requires direct observation of these interactions at a single-molecule level.
In this study, we used single-molecule Förster resonance energy transfer (smFRET) to investigate how GQ formation of model telomeric DNA affects the ability of POT1/TPP1 to block RPA binding in a steady state. At physiologically relevant ionic conditions (150 mM K + ), we observed at least two distinct FRET populations, consistent with the parallel and antiparallel GQ conformations (27) . POT1 unfolds the majority of antiparallel GQs, whereas parallel GQs remain stably folded. POT1/TPP1 blocks RPA's access by loading adjacent to a folded GQ and by coating the unfolded ssTEL. Such protection is not observed with the same GQ-forming sequence terminating with a short overhang, which is not long enough to accommodate POT1 loading. In 150 mM Na + , ssTEL only folds into an antiparallel GQ, and POT1-mediated protection against RPA was not observed. On the basis of these results, we propose a model to describe how GQ formation aids POT1/TPP1's ability to suppress RPA binding to telomeric overhangs.
Results

POT1
Preferentially Unfolds Antiparallel GQ. We performed smFRET measurements using total internal reflection fluorescence (TIRF) microscopy to monitor the conformational states of individual DNA molecules. Partial duplex DNA (pdDNA) constructs were immobilized on a PEG-coated surface via Significance This paper uses a single-molecule imaging approach based on energy transfer to study how telomeric DNA is protected against the DNA damage-signaling protein replication protein A (RPA). Telomeres terminate with a single-stranded overhang, which is protected by protection of telomere (POT1) and POT1-interacting protein 1 (TPP1) against RPA. Telomeric overhangs have a guanine-rich sequence, forming a four-stranded G-quadruplex structure. Using model telomeric DNA, we studied the competition between POT1/TPP1 and RPA to access telomeric G-quadruplexes in vitro. We showed that G-quadruplex formation of telomeres significantly enhances the ability of POT1/TPP1 to block RPA's access to telomeres. The results suggest that secondary structure of the telomeric overhang plays an important role in suppressing the DNA damage signals in telomeres.
neutravidin-biotin linker. The single-stranded portion of the pdDNA [ssTEL4, TA(GGGTTA) 4 G] contains four telomeric repeats forming a single GQ and terminates with a TTAG-3′ overhang. Cy3 (donor) and Cy5 (acceptor) FRET pairs were placed as shown in Fig. 1A .
The GQ structure is stabilized by addition of a monovalent cation, Na + or K + . In 150 mM Na + , nearly all of the pdDNA molecules (n = 3,405) formed stable GQs (Fig. 1B) . The conversion of various secondary structures into GQ is evidenced by a transition from intermediate-FRET to high-FRET states upon salt addition (Fig. S1 ). Gaussian fitting to the FRET histogram in Fig. 1B revealed a single population (referred to as F1), with a mean FRET efficiency (E F ) of 0.71 ± 0.05. We assume that the F1 peak represents the antiparallel GQ, evidenced by CD spectrum of ssTEL4 (Fig. S2) and NMR studies on similar telomeric sequences (22) in the presence of Na
To monitor how POT1 affects ssTEL4 structures, we measured FRET efficiencies of prefolded GQ molecules at varied concentrations of POT1 in 150 mM Na + . Upon addition of 200 nM-1 μM POT1, two new FRET peaks were observed at lower FRET efficiencies (0.16 ± 0.06 and 0.32 ± 0.06, Fig. 1B) . To identify the stoichiometry of POT1 binding corresponding to these FRET states, we repeated the smFRET measurements with a mutant ssTEL4 sequence (ssTEL4 ΔGQ , Table S1 ), which can accommodate up to two POT1s but is unable to form GQ (Fig. S3) . Under the same ionic conditions, addition of 20 nM POT1 resulted in two distinct FRET peaks (E F = 0.32 ± 0.06 and E F = 0.16 ± 0.05) located at the same positions of the peaks observed for ssTEL4. The population of E F = 0.16 peak increases compared with the E F = 0.32 peak as POT1 concentration is increased. We interpret these peaks as one POT1-bound (E F = 0.32, referred to as P) and two POT1-bound (E F = 0.16, referred to as 2P) unfolded states, respectively. Change in P and 2P populations in ssTEL4
ΔGQ as a function of [POT1] fits well to fractional occupancy of two indistinguishable sites. The global fit of the data results in a K d = 26 ± 4 nM (Fig. S3) . POT1 binding to unfolded ssTEL4 was noncooperative. The results are consistent with a recent smFRET study that showed binding of one or two POT1 molecules to four telomeric repeats in 100 mM Na + (28).
To gain insight on POT1-mediated GQ unfolding at physiologically relevant ionic conditions, we repeated the smFRET measurements in 150 mM K + (Fig. 1C) . The FRET histogram revealed two distinct folded populations centered at E F = 0.66 ± 0.10 (matches the F1 peak observed in 150 mM Na + ) and E F = 0.75 ± 0.06 (referred to as F2). The existence of at least two distinct GQ conformations agrees well with the CD measurements (Fig. S2) . Even though the GQ unfolding is not observed at low POT1 levels, F1 and F2 peaks become more distinct as the POT1 concentration is increased from 0 to 200 nM (Fig. S4) . The gamma parameter, obtained from a ratio of the intensity change in acceptor and donor intensities upon acceptor photobleaching, revealed the underlying mechanism of the shifting of the F1 and F2 peaks as POT1 is titrated in the 0-200 nM range (Fig. S5 ) (29) . We interpret the changes in the gamma parameter to be due to POT1 loading to the TTAG overhang, which spaces the donor away from the GQ. Furthermore, in the presence of 1 μM POT1, replacement of 150 mM Na + with 150 mM K + in a sample chamber shifts the FRET distribution from that of Na + to K + ( Fig. S6 ), suggesting that steady-state conformations are interchangeable in a cation-dependent manner. The F1 and F2 peaks are consistent with antiparallel and parallel GQ conformations, respectively. In agreement with our interpretation, a recent computational study showed that antiparallel conformation has a lower FRET efficiency than the parallel conformation (27) . High-resolution NMR and EPR studies showed that, in K + , human telomeric sequence folds into various hybrid GQ conformations, in addition to the parallel and antiparallel conformations (14, 25, 30, 31) . The most stable telomeric GQ conformation strongly depends on the overhang sequence, pH, and ionic conditions (14) . Therefore, we cannot rule out the possibility that the F2 peak may contain both parallel and hybrid conformations with similar distance between the FRET probes. We will refer to F2 as the parallel GQ state for simplification, and precise conformation in this population requires future investigation.
As POT1 concentration increased from 200 nM to 2 μM in 150 mM K + , the F1 population consistently decreased from ∼63% of total population to ∼30% (Fig. 1C) . Remarkably, F2 population is unaffected by increased POT1 concentration, even at 2 μM (Fig.  1D) . The results suggest that POT1 specifically unfolds the antiparallel GQ, whereas the parallel conformation remains stably folded. A single low FRET peak arises at E F = 0.16 ± 0.08, which matches the 2P peak observed in 150 mM Na + . Unlike in the 150 mM Na + dataset, the P peak was not observed. Our results suggest two POT1 molecules may be required to stabilize the unfolded state in 150 mM K + , whereas a single POT1 is sufficient in 150 mM Na + . To test this hypothesis, we performed smFRET measurements on ssTEL4 1P that forms stable GQ but accommodates only one POT1 (Fig. S7 and Table S1 ). We preincubated ssTEL4
1P with 500 nM POT1 in the absence of salt to facilitate POT1 binding to the unfolded DNA. The sample chamber was then washed with 150 mM Na + or K + while maintaining the same POT1 concentration. Consistent with our hypothesis, POT1 was able to maintain a significant fraction of the unfolded conformation after addition of 150 mM Na + , but not after 150 mM K + . The unfolded fraction in ssTEL4
1P (E F = 0.34 ± 0.13) matches with the P population (E F = 0.32 ± 0.06) of ssTEL4 in Na + , supporting our interpretation of the P population as the one-POT1 bound state.
We calculated the equilibrium constant (K eq ) for unfolded populations in the presence of Na + and K
+
. In 150 mM Na + , 94% of the GQ molecules were unfolded at 1 μM POT1. Because our model assumes the existence of both one and two POT1 binding states in 150 mM Na + , we calculated fractional occupancy of two sites as a function of POT1 concentration. Global fitting of P and 2P populations resulted in K eq = 620 ± 210 nM and positive cooperativity of −1.5 k B T (Fig. 1E ). In 150 mM K + , only 34% of the DNA molecules were unfolded at 1 μM POT1. Because the P intermediate was not observed in this case, we used the Hill equation to calculate K eq (750 ± 50 nM, Fig.  1F ). Our K eq values are nearly two orders of magnitude higher than the previously reported K d for POT1 (1-70 nM) (6, 7, 32) , because K eq represents both POT1-mediated GQ unfolding and POT1 binding to the unfolded DNA. Similarly, for ssTEL4
ΔGQ , (Fig. S3 ) was comparable to K d = 21 nM from our gel shift assays (Fig. S8 ).
TPP1 Significantly Enhances POT1's Ability to Unfold GQ in Na
POT1 forms a heterodimer with TPP1 (33), and the POT1/TPP1 complex has higher affinity to ssTEL than POT1 alone (7). We confirmed that TPP1 is unable to unfold GQ without POT1 (Fig. S9 ). To explore how TPP1 affects the interactions of POT1 with telomeric GQs, we performed smFRET measurements with ssTEL4 in 150 mM K + ( Fig. 2 A and B) or 150 mM Na + ( Fig.  2 C and D) at 1-10 μM TPP1, while keeping POT1 concentration at 1 μM. The resulting low FRET peaks (E F = 0.32 ± 0.04 and E F = 0.16 ± 0.03) were at the same locations as P and 2P observed in the absence of TPP1, suggesting that POT1-TPP1 interaction does not induce further conformational changes on the POT1-bound ssTEL4. A small increase of the 2P population was observed as TPP1 concentration was increased (Fig. 2B ). The rate of decrease in F1 population (−1.2% per μM of TPP1) was very similar to the rate of increase in 2P population (1.3% per μM of TPP1), suggesting that TPP1 has a slight effect on POT1-mediated antiparallel GQ unfolding. The F2 population remains unaltered under all conditions. We next repeated TPP1 titrations in 150 mM Na + , and used lower (200 nM) POT1 concentration to maintain ∼50% GQ population. In contrast to the 150 mM K + case, a substantial increase (from 45 to 89%) in the unfolded population (P + 2P) was observed as the TPP1 population was increased from 0 to 800 nM ( Fig. 2 C and D) .
The results show that TPP1 alone neither unfolds telomeric GQs nor binds to the unfolded ssTEL4. However, TPP1 enhances the POT1-mediated GQ unfolding depending on ionic conditions. POT1/TPP1 Protects Telomeric GQ Against RPA-Mediated Unfolding.
We next investigated whether GQ formation of ssTEL4 plays a role in the competition between POT1/TPP1 and RPA to access telomeres. In 150 mM K + , RPA unfolds a majority of ssTEL4 GQs in the absence of POT1 at two orders of magnitude lower concentrations than its physiological levels ( Fig. 3 A and  B) , in agreement with an earlier study on a similar GQ construct (21) . FRET value of the RPA-bound unfolded state (R, E F = 0.10 ± 0.03) is lower than 2P (E F = 0.16 ± 0.03), allowing us to distinguish between POT1-bound and RPA-bound unfolded states (Fig. 3) . We measured the percentage of R population as a function of RPA concentration in RPA only, RPA with 1 μM POT1, and RPA with 1 μM POT1/TPP1 cases. The data of these three cases were fitted by a Langmuir binding isotherm of the form y = α[RPA]/([RPA] + K eq ). In this expression y is the R population, α represents the R population at saturating RPA concentration, and K eq is the equilibrium constant.
In the absence of POT1, RPA efficiently unfolded both F1 and F2 conformations with α = 90% and K eq = 0.9 ± 0.2 nM RPA. In 1 μM POT1, the R peak was populated at a much lower rate compared with the RPA-only case with α = 90% and K eq = 10.9 ± 2.4 nM RPA (Fig. 3 C and D) . The 12-fold increase in K eq suggests that POT1 provides a significant protection of ssTEL4 at lower RPA concentrations. For comparison, in the absence of POT1 R population is 87% of the total population at 10 nM RPA. The corresponding R is 25% at 10 nM RPA when 1 μM POT1 is in the environment. Saturating RPA concentrations displaces POT1 from ssTEL4 with α reaching a value similar to that of the RPA-only case.
To test whether TPP1 can enhance the ability of POT1 to block RPA's access to ssTEL4, we incubated folded ssTEL4 GQ molecules with 1 μM POT1 and 1 μM TPP1 in 150 mM K + before titrating RPA (Fig. 3 E and F) . The protection of ssTEL4 was even more dramatic in this case with α = 47% and K eq = 20.6 ± 5.9 nM RPA. Compared with the RPA-only case, K eq increased by a factor of 23 and α decreased by a factor of 2. In particular, the reduction in α suggests that about half of ssTEL4 molecules are protected against physiological RPA levels (1 μM) by equimolar POT1/TPP1.
Another outcome of this analysis is the variation in the 2P population before and after RPA is introduced to the chamber. This variation represents the fraction of bound POT1 or POT1/ TPP1 molecules that are displaced from ssTEL4 by RPA. At 1 μM POT1, 34% of folded ssTEL4 are unfolded and bound by two POT1 molecules in the absence of RPA. Upon introducing 100 nM RPA to the chamber, the 2P population reduces to 14%, suggesting that RPA displaces 59% of bound POT1 molecules from ssTEL4. Similarly, introduction of 1 μM RPA displaces 42% of bound POT1/TPP1 molecules at 1 μM POT1/TPP1. Therefore, TPP1 increases the binding stability of POT1 to unfolded ssTEL4, resulting in a smaller fraction of displacement by RPA.
POT1 and POT1/TPP1 selectively protected the F2 population against RPA-mediated GQ unfolding. At 1 μM POT1, F1 population was reduced from 34 to 0%, and F2 population was reduced from 32 to 8% as RPA concentration was increased from 0 to 100 nM (Fig. 3D) . At 1 μM POT1/TPP1, the F2 population was reduced from 33 to 26%, whereas F1 population was reduced from 48 to 14% as RPA concentration was increased from 0 to 1 μM (Fig. 3F) . Therefore, POT1 alone is not adequate to protect F1 or F2 conformations at high (>100 nM) RPA concentrations, whereas significant fractions of the GQ population remain stably folded even at 1 μM RPA in the presence of POT1/TPP1.
We next examined whether POT1 could protect ssTEL4 against RPA binding in 150 mM Na + (Fig. 4) . Similar to the 150 mM K + case, we compared α and K eq for RPA titration with or without incubating with POT1. The sample was incubated with a lower concentration of POT1 (200 nM), compared with 1 μM POT1/TPP1 used in the 150 mM K + case, to maintain a significant fraction of folded GQ population. Addition of POT1 did not lead to significant reduction in RPA's efficiency to unfold the GQ (Fig. 4) . At low (∼2 nM) RPA, 70% of the GQs were unfolded and all of the P population was displaced by R, whereas 80% of 2P remained unaltered. Increasing the RPA concentration to 10 nM unfolded almost all of the GQs and displaced 70% of the 2P population (Fig. 4B) . Therefore, POT1 is unable to protect ssTEL4 against RPA binding in 150 mM Na
These results demonstrate the significance of using physiologically relevant ionic conditions in in vitro studies while interpreting the in vivo outcomes of protein-GQ interactions.
POT1 and RPA Compete for the Free 3′-Terminal Sequence. RPA consists of four active DNA-binding domains (DBDs), the most active of which (DBD-A or DBD-B) has a footprint of three nucleotides (34) . POT1 has two oligosaccharide-binding (OB) domains, and OB2 interacts with T7-G10 of the minimal binding sequence 5′-TTAGGGTTAG (corresponding to the TTAG overhang of ssTEL4) (5). The TTAG overhang is long enough to serve as a substrate for RPA loading and interaction with a folded GQ. POT1 loading to this site may reduce RPA's ability to unfold the GQ. To test this idea, we repeated RPA and POT1 competition assays in 150 mM K + using the telomeric GQ construct terminating with a shorter (TT) overhang (ssTEL4 TT ), which is too short to accommodate loading of POT1 (Fig. 5) . This construct has a CD spectrum similar to that of ssTEL4, and hence similar folding conformations are expected (21) . RPA was less efficient in unfolding the GQ with a TT overhang, demonstrating that RPA also loads to the overhang for unfolding the GQ (Fig. 5A ). Only 45% of GQ molecules were unfolded by 1 μM RPA, compared with 85% unfolding of the GQ with a TTAG overhang by 10 nM RPA. Remarkably, 1 μM POT1 was not able to unfold any of the GQ molecules with a TT overhang (Fig. 5B) , highlighting the significance of the overhang in the context of POT1-GQ interactions. Incubating the prefolded GQ with 1 μM POT1 did not significantly increase K eq of RPA binding (from 2.8 ± 1.7 nM to 3.3 ± 2.2 nM). The fraction of unfolded GQ molecules at saturating RPA concentration only decreased ∼10% in the presence of 1 μM POT1, compared with the RPA-only case ( Fig. 5 C and D) . These results show that GQ is not protected against RPA when POT1 is unable to load onto the overhang in the vicinity of folded GQ.
Discussion
The results of our study signify that the GQ formation not only blocks protein-DNA interactions but also regulates the competition between DNA binding proteins. Previous studies suggested that unfolding of the ssTEL GQ is an essential step for POT1 binding (16) . We provided evidence that POT1 can load adjacent to a folded GQ. POT1 loading induces unfolding of the antiparallel conformation, whereas the other GQ conformation is further stabilized against RPA-mediated unfolding. RPA's access to telomeric DNA can be reduced by at least two orders of magnitude via a synergistic activity of POT1/TPP1 and GQ formation of ssTEL4 sequence. Under these conditions, POT1/ TPP1 effectively competes against equimolar RPA in accessing ssTEL. Finally, we showed that at least two POT1 molecules are required to stabilize the unfolded state of a single GQ-forming telomeric sequence in 150 mM K + , whereas a single POT1 is adequate in 150 mM Na + . We propose a model for the molecular interactions between different GQ states, POT1, and RPA. RPA is very efficient at unfolding unprotected GQ, regardless of the folding conformation (Fig. 6A) . POT1 loads onto the TTAG overhang in both conformations and unfolds the antiparallel conformation, whereas the parallel GQ remains stably folded (Fig. 6B) . POT1 loading adjacent to an antiparallel GQ may destabilize it (35) . As the end sequences of GQ transiently melt owing to thermal fluctuations, the GQ-forming sequences may be invaded by DNA binding domains of POT1. These transient melting events can be more likely to occur in Na + compared with K + because GQ is less stable in Na + (36) . Whether POT1 loading increases the stability of the parallel conformation, for example, owing to stacking of POT1 with this GQ structure as observed with synthetic ligands (37-39), or it remains bound to the overhang without influencing GQ stability requires further investigation. TPP1 increases the binding stability of POT1 to the TTAG overhang, which results in higher unfolding for the less-stable GQ in Na + and suppresses RPAmediated GQ unfolding in K + .
Under physiological K
+ concentrations, we observed that POT1/TPP1 is able to protect a significant fraction of ssTEL4 molecules against RPA binding at equimolar concentrations (Fig.  6B) . Because POT1/TPP1 protect both folded and unfolded ssTEL4 GQs against RPA, we propose that POT1/TPP1 blocks RPA's access by coating the unfolded ssTEL4 and inhibiting access of RPA to the folded GQ. Although the model would predict all of the ssTEL to be RPA-bound at high [RPA] , there are multiple reasons that could explain the plateau at 47%, including the reactions not achieving equilibrium and the existence of multiple DNA conformations.
We believe that GQ formation of ssTEL plays an important role in cellular roles of other telomere-interacting proteins. For (A) The RPA-mediated GQ unfolding was significantly reduced using the ssTEL construct terminating with a short TT-3′ overhang (ssTEL4 TT ), rather than the TTAG-3′ overhang of ssTEL4. Even at 1,000 nM RPA, only ∼50% of the GQ molecules remain folded. (B) The RPA-mediated GQ unfolding at 1 μM POT1. (C and D) The Langmuir isotherm fits to GQ unfolding in the absence and presence of POT1, respectively. POT1 addition did not significantly affect K eq for GQ unfolding, compared with the 12-fold increase observed in ssTEL4 terminating with a TTAG overhang. In 150 mM Na + , ssTEL4 forms only antiparallel GQ. Binding of one (P) or two (2P) POT1 unfolds the antiparallel conformation. Addition of RPA displaces POT1/TPP1 from ssTEL4. In 150 mM K + , POT1/TPP1 binds to both GQ folding patterns and unfolds antiparallel GQ, whereas parallel GQ remains folded. Binding of two POT1s to ssTEL4 is required to stabilize the unfolded state. POT1/TPP1 binding effectively suppresses RPA binding to ssTEL4 even at high RPA concentrations. In particular, the majority of parallel GQ remains stably folded against RPA-mediated unfolding.
example, telomeric RNA and an mRNA regulator, hnRNPA1, effectively displace RPA from ssTEL and mediate POT1 binding (9) . hnRNPA1 can stably bind to two telomeric repeats (40) , but it only displaces RPA from ssTEL containing four or more telomeric repeats (9) , which is the minimum length required for GQ formation. Indeed, hnRNPA1 unfolds telomeric GQs in vitro (41), consistent with a role for GQ formation in competition between telomere-interacting proteins.
In vivo, telomeric DNA is well protected against RPA binding even when RPA is significantly more abundant than POT1 and TPP1 (6) . Therefore, effective suppression of the ATR pathway cannot be solely achieved by coating of telomeric overhangs by POT1/TPP1. We showed that GQ formation enhances the efficiency of POT1/TPP1 to compete against RPA binding to telomeres by several orders of magnitude, presenting an additional dimension to telomere maintenance. The full protection of telomeric terminus in wild-type cells may also require tethering of POT1/TPP1 to the rest of shelterin via TIN2 (6), t-loop formation (42) , and other telomere-interacting proteins (9) . We anticipate our single-molecule approach will serve as a platform for testing more sophisticated models on protein-protein and protein-DNA interactions for the replication and protection of telomeres. These in vitro assays must be performed under physiologically relevant ionic conditions because it proved to be a major factor determining the GQ conformation and structure.
Materials and Methods
A pdDNA with an 18-bp-long duplex stem and single-stranded tail consisting of four telomeric TTAGGG repeats terminating with a 3′ TTAG overhang was used in the smFRET studies. DNA oligomers constituting the pdDNA construct were hybridized in 10 mM Tris (pH 7.5) and 50 mM Na + . Full-length human POT1, C-terminal truncated form of human TPP1 (1-446 aa), and a p11d-tRPA construct containing the coding sequences of RPA70, RPA14, and RPA32 were expressed in Escherichia coli. Biotinylated pdDNA molecules were immobilized on PEG-coated coverslips and imaged with a prism-type TIRF microscope. Steady-state smFRET and CD measurements were performed as described (21) . The smFRET histograms were constructed such that each analyzed molecule contributes equally to the FRET histogram, and the total population of the histogram is normalized to 100%. An extended description of the materials and methods can be found in SI Materials and Methods.
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Cloning, Protein Expression, and Purification. Full-length human protection of telomere (hPOT1) was cloned into the pet28a vector. Protein was expressed and purified as described previously (1). Single-stranded telomeric DNA (ssTEL) binding activity of purified hPOT1 was verified by the electro-mobility shift assay (2). The C-terminal truncated form of human POT1-interacting protein 1 (hTPP1), (contains first 1-446 amino acids from the N-terminus) was cloned into the 2C-T vector (Macrolab at University of California, Berkeley). The protein was tagged with a 6x Histidine and maltose binding protein (6x His-MBP) at the N terminus, which was later removed by Tobacco Etch Virus protease. TPP1 was expressed and purified using the same protocol as POT1. To obtain replication protein A (RPA), a p11d-tRPA construct containing the coding sequences of RPA 70, RPA 14, and RPA 32 subunits was expressed in Escherichia coli, as described (3).
Steady-State Single-Molecule FRET Measurements. A prism-type total internal reflection fluorescence microscope was equipped with a 60× 1.20 N.A. water objective and an electron-multiplied charge-coupled device camera (4). Quartz slides were coated with a mixture of 99% PEG and 1% biotinylated PEG. The sample was then treated with 0.05 mg/mL neutravidin. Solution containing 15 pM biotinylated-pdDNA sparsely coated the PEG surface. Excess DNA was then washed with 200 μL 10 mM Tris (pH 7.5). Steady-state single-molecule Förster resonance energy transfer (smFRET) measurements were performed as described previously (4). G-quadruplexes (GQs) were preformed by adding 150 mM KCl-containing buffer and interacting proteins were incubated for 15 min before data acquisition. Per assay condition, 20-30 short movies (30 frames, 100 ms/frame) were acquired to capture a large number of molecules per chamber. Longer movies were acquired to study dynamics at the single-molecule level.
CD Assay. CD measurements were taken as described previously (4) . The CD spectra obtained are representative of the average of three scans taken over a range of 200-to 320-nm wavelength with a measurement taken every 0.5 nm at a scanning rate of 50 nm/min.
Data Analysis. FRET histograms were constructed from normalized contribution of smFRET traces such that each molecule equally contributes to the histogram. The FRET values were corrected for donor-only molecules and donor leakage into acceptor channel. Histograms were normalized to percentage scale. The change in FRET populations as a function of increasing POT1 concentration was analyzed using the fractional occupancy of multiple sites. The equilibrium populations of P and 2P populations were globally fit to obtain the equilibrium constant for POT1. Various models involving two binding sites, distinguishable or indistinguishable binding and cooperativity were considered during analysis. The models with greater parameters were excluded from data analysis, based on F test (α = 0.05, F < 4.5). The Gamma parameter is defined as γ =
, where ϕ A and ϕ D are the donor and acceptor quantum yields, respectively, and η A and η D are the sensitivities of sensor to the donor and acceptor emissions, respectively (5). The gamma values reported in this paper were exclusively determined from the change in donor acceptor intensities upon photobleaching of the acceptor. The gamma parameter is determined using γ = , which is the ratio of the change in the acceptor intensity to the change in the donor intensity upon photobleaching of the acceptor. . CD spectra of the ssTEL4 sequence at different ionic conditions. A CD spectrum showing a positive ellipticity peak at 260 nm (dashed red line) and a trough at 240 nm indicates parallel GQ conformation, whereas a peak at 290 nm (dashed black line) and a trough at 260 nm are consistent with antiparallel GQ conformation. The CD spectrum with a peak at 290 nm and a shoulder at 260 nm is interpreted as a mixture of parallel and antiparallel conformations or a hybrid conformation. The blue curve (150 mM K + ) having a peak around 290 nm and a shoulder around 260 nm is consistent with a mixture of parallel and antiparallel GQ conformations or a hybrid conformation. The green curve (150 mM Na + ) shows a single peak around 290 nm and indicates only antiparallel GQ formation. The red curve (150 mM Li + ) is not consistent with either of the GQ conformations, which is expected because Li + is a weak stabilizer of GQ. . However, the peak positions do not show a significant shift with POT1 titration. This implies that the POT1-GQ interaction, and possibly loading of POT1 to the overhang that causes this change in the distribution, does not give rise to any major structural change in the GQ. , suggesting that the dye interacts with the DNA in the presence of a GQ. Two major peaks were observed at E F = 0.65 (γ = 1.5, yellow circle) and E F = 0.70 (γ = 1.8, white circle). These two FRET peaks are not distinguishable in a one-dimensional FRET histogram. (E) Adding 200 nM POT1 to a chamber containing folded ssTEL4 results in significant change in gamma and FRET distributions. The peak at E F = 0.70 (γ = 1.8) disappears and a new peak with a significantly lower gamma emerges at E F = 0.83, (γ = 0.8, white circle). The peak at E F = 0.65 (γ = 1.5, yellow circle) remains unaltered. (F) Adding 1,000 nM POT1 results in depletion of the gamma population in the E F = 0.70 (γ ≈ 1.5-2.0, yellow circle) range, whereas the population at E F = 0.83 (γ ≈ 0.8, white circle) persists. The POT1-bound unfolded population is also visible at E F = 0.20 (γ = 0.8, green circle). The percent populations of different gamma peaks are different from the FRET histograms, because only a subset of single-molecule traces can be reliably used in gamma factor analysis (those in which the donor photobleaches at least a few seconds after the acceptor). (G) FRET histograms of ssTEL4 at low (<200 nM) POT1 concentrations in 150 mM K + show that the second peak at 0.83 arises by the increasing concentrations of POT1. Unfolding of the GQ was not observed in these concentrations. (H) FRET histograms of ssTEL4 under 0-1,000 nM POT1 concentrations in 150 mM K + show that the peak positions do not change at concentrations higher than 200 nM POT1. Instead, the F1 population at 0.65 decreases as the 2P population at 0.2 increases. The results are consistent with our interpretation that there are at least two major conformations in 150 mM K + . E F = 0.65 (γ = 1.5) corresponds to F1 and E F = 0.7 (γ = 1.8) corresponds to F2.
Addition of 200 nM POT1 leads to POT1 loading to the TTAG overhang (adjacent to the donor). The interactions between the GQ and the donor fluorophore are eliminated owing to loading of POT1 to the F2 conformation. The GQ conformation in F2 remains unaltered and the values of the F2 peak shifts from E F = 0.70 (γ = 1.8) to E F = 0.83 (γ = 0.8), both resulting in the same distance between the FRET dye pairs. The gamma analysis of the FRET traces also reveal why the F1 and F2 peaks become distinct at higher POT1 concentrations. 1P was imaged in the absence of monovalent cation (<1 mM concentration), evidenced by two major peaks at lower FRET efficiencies (E F = 0.28 ± 0.06 and 0.60 ± 0.12). (Center) Addition of 500 nM POT1 (no salt) resulted in the formation of a POT1-bound unfolded population at E F = 0.10 ± 0.07, representing a single POT1-bound unfolded state for ssTEL4 1P . The FRET level of this state is significantly lower than the P peak (E F = 0.32) observed in ssTEL4 in 150 mM Na + . This difference in FRET efficiency is due to lower ionic strength in the ssTEL4 1P case (no salt) compared with ssTEL4 (150 mM Na + ). With increasing ionic strength, screening length decreases, which gives rise to a greater persistence length for ssTEL4 1P and hence a lower E F (1). (Right) GQ formation was enforced by adding either 150 mM Na + or 150 mM K + . POT1 concentration was maintained at 500 nM POT1 in both cases. In Na + , a significant fraction of the DNA molecules remains in POT1-bound state with E F = 0.34 ± 0.13, which matches the P population (E F = 0.32) for ssTEL4. In contrast, addition of 150 mM K + completely removes all of the unfolded and POT1-bound populations. The resulting FRET distribution is very similar to that observed for ssTEL4 at 150 mM K + in the absence of POT1. . POT1 binding to ssTEL4 was not observed at concentrations below 200 nM. At >200 nM, two-POT1 bound state was observed. At saturating POT1 levels, 40% of the DNA is bound to POT1. These results are consistent with the interpretation of the smFRET data. Single POT1 bound state was only visible at relatively high (>400 nM) POT1 concentrations. The lack of single-POT1 bound state at low POT1 level suggests that POT1 loading adjacent to a folded GQ is transient and cannot be detected by EMSA gel. (D) The Hill plot of POT1-bound DNA as a function of POT1 concentration obtained from the EMSA gel in C. K d = 380 ± 120 nM was significantly higher than that of non-GQ-forming conditions in B and in agreement with the K d measured by the smFRET analysis, within the uncertainty of measurements. The Hill coefficient (n) was 1.2, suggesting that binding of the first POT1 protein to a folded ssTEL4 GQ is concentration-dependent. The second POT1 binds readily to the unfolded ssTEL4, because K d of POT1 to unfolded ssTEL4 (∼20 nM) is an order of magnitude lower than that of K d of GQ unfolding (384 nM). Fig. S9 . Interaction of TPP1 with ssTEL4. A control experiment confirms that TPP1 alone is unable to unfold the GQ at neither 150 mM K + or 150 mM Na + . GQ constructs were first folded at 150 mM Na + (Left) or 150 mM K + (Right). One μM TPP1 was then introduced to the chamber, keeping the same salt and buffer conditions. 
TGGCGACGGCAGCGAGGCTAGGGTATGGGTATGGGTTAGGGTTAG-Cy3
Short strand
Cy5-GCCTCGCTGCCGTCGCCA-Biotin ssTEL5 GGGTTAGGGTTAGGGTTAGGGTTAGGGTTA
The underlined segment is the GQ-forming sequence. The blue segments hybridize with the short strand to form pdDNA molecules. The italic segments represent the overhang sequence. The bold segments show the mutation of nucleotides in the native ssTEL4 sequence.
